Myocardial phospholipase D (PLD) is primarily localized at the sarcolemmal level and selectively hydrolyzes phosphatidylcholine to form phosphatidic acid as part of the signal transduction mechanisms for regulating Ca2' movements in the heart. Since the myocardial cell damage induced by oxidative stress is associated with abnormalities in Ca2' homeostasis and thiol status, we examined the thiol group dependence and the effects of oxidant species on this enzyme. Sarcolemmal membranes isolated from rat heart were exposed to several types of thiol group modifiers. Alkylation with N-ethylmaleimide or methyl methanethiosulfonate, mercaptide formation withp-chloromercuriphenylsulfonic acid, and thiol-disulfide exchange with 5,5'-dithio-bis(2-nitrobenzoate) depressed sarcolemmal PLD activity; in all cases the depression was prevented by dithiothreitol. At different concentrations of N-ethylmaleimide the PLD depression correlated well (r=0.98) with the decrease in total thiol group content of the membrane. The enzyme activity was not affected by xanthine-xanthine oxidase, a superoxide anion-generating system, but was depressed by hydrogen peroxide (H202) in a concentration-dependent manner. This inhibitory effect was prevented by catalase as well as by dithiothreitol, but not by D-mannitol. The effect of a hydroxyl radical-generating system (Fenton reaction) could not be assessed because of an interfering direct inhibition by Fe2+. Dithiothreitol was also able to restore PLD activity in H202-pretreated membranes and to prevent a severe deactivation of the enzyme by hypochlorous acid (HOCI). Protection by glutathione and inhibition by its oxidized form were also observed. The results indicate that sarcolemmal PLD activity is inhibited by nonradical oxidants H202 and HOCI through reversible modification of associated thiol groups, which are critical for the enzyme activity. Thus, this enzyme may be controlled by the glutathione redox status of the cardiac cell. The possible relevance for ischemia/reperfusion injury is considered. (Circulation Research 1992;71:970-977) KEY WoRDs * phospholipase D * thiol groups rat heart sarcolemmal membranes yocardial phospholipase D (PLD) is a mem-M/ brane-bound enzyme that catalyzes the selective hydrolysis of phosphatidylcholine (PtdCho) to yield the headgroup base, choline, and phosphatidic acid (PtdOH).' PLD activity has recently been characterized in cardiac subcellular membranes, but its main location was at the surface membrane (sarcolemma [SL]).2 The SL enzyme seemed to be associated with a PtdOH phosphohydrolase that subsequently produces sn-1,2-diacylglycerol (DAG).2 In the heart,3 as well as in many other tissues,45 it has been reported that PLD is activated in response to cell
stimulation. Thus, it may be an important origin of DAG, as an alternative for phosphatidylinositol 4,5bisphosphate phospholipase C.6 Furthermore, several studies showed changes in Ca'+ movements within the cardiomyocyte evoked by PLD as well as by its products PtdOH and DAG.7-'2 These findings imply that PLD could influence cardiac performance. However, PLD regulatory mechanisms and mode of activation are largely unknown. An increase in PLD activity in the presence of free fatty acids, specifically oleic acid, has been shown in most tissues, including the heart. 23 Furthermore, in a variety of other tissues, protein kinase C and Ca2' have been found to activate PLD. 45 On the basis of these data, a model for the activation of SL PLD has been proposed, in which protein kinase C and Ca 2 provide a positive feedback mechanism.1"5
Critical roles in the function of many receptors and enzymes are played by thiol (SH) groups and disulfide bonds, which influence the ligand and substrate binding properties, respectively, as well as the conformational changes that result in activation of the protein. 13 Thus, biological activities could be modulated by reversible changes in the thiol-disulfide redox status of the cell.14 The overall redox status of most cells, including cardiomyocytes, is maintained at a high level by an exces-sive reduced glutathione/glutathione disulfide ratio ([GSH]/[GSSG])."5 Nevertheless, under conditions of oxidant stress the cardiomyocyte redox status is altered considerably.16"7 This may cause oxidant-induced cell damage by the oxidation of protein thiol groups, lipid peroxidation, and strand scission of DNA,17 which ultimately leads to cell death.
The precise mechanism(s) for oxidant-induced myocardial injury is not well understood. However, oxygen metabolites have been shown to affect various systems related to cardiomyocyte Ca'+ homeostasis.18-23 Given the involvement of SL PLD in the regulation of intracellular Ca',21,2 it is important to ascertain the possible oxidant damage to this enzyme and its mechanism(s) of action. In this study, first, we demonstrated the presence of critical thiol groups associated with SL PLD. Second, we investigated the direct effects of oxidants on PLD activity. Furthermore, we examined whether the oxidant effects were prevented by thiol-reducing agents and, thus, may be related to thiol group modification.
Materials and Methods

Isolation of Cardiac Membranes
Adult male Sprague-Dawley rats weighing approximately 250-300 g were used in this study. Animals were killed by decapitation, and the hearts were rapidly excised and immersed in 0.6 M sucrose plus 10 mM imidazole (pH 7.0). Atria and large vessels were carefully removed, and the ventricular tissue was processed for the preparation of highly purified SL membranes. 24 As reported before,2 the SL membrane preparations used in this study had minimal cross contamination by other subcellular organelles. The final pellets were resuspended in 0.25 M sucrose plus 10 mM histidine (pH 7.4), frozen, and stored in liquid N2 until use. Proteins were determined as indicated elsewhere.2
PLD Assay
The PLD hydrolytic activity present in the membranes was assayed by measuring the formation of PtdOH from exogenous PtdCho as described before.2 Briefly, aliquots of egg PtdCho and phosphatidylcholine-[oleoyl-'4C] solutions were mixed. The organic solvent was evaporated under a stream of N2, and the lipids were redissolved in an aqueous solution of sodium oleate by sonication for 30 minutes in a sonication bath (model 1200, Branson Ultrasonics Corp., Danbury, Conn.). Incubations were carried out at 25°C for 90 minutes in medium containing 35-50 ,tg membrane protein, 50 mM ,f,,8-dimethylglutaric acid (DMGA) plus 10 mM EDTA (pH 6.5), 25 mM KF, 5 mM sodium oleate, and 2.5 mM ['4C]PtdCho (0.167 mCi/mmol) in a final volume of 120 gl. The reactions were terminated by the addition of 2 ml chloroform/methanol (2:1 [vol/ vol]), and phases were separated by the addition of 0.5 ml of 0.1 M KCl. The upper phase was discarded, and the lower phase was washed to remove nonlipid contaminants. Blanks were performed by the same procedure, except that heat-denatured (10 minutes at 90°C) membrane proteins were used. The final lipid extracts were evaporated to almost dryness under a stream of N2, redissolved in chloroform containing PtdOH as a developed in chloroform/methanol/acetone/glacial acetic acid/water (50:15:15:10:5 [vol/vol/vol/vol/vol]). The lipid spots were visualized with iodine vapor and scraped. The scrapings were extracted with Cytoscint and counted for radioactivity in a liquid scintillation system (model 1701, Beckman Instruments, Inc., Fullerton, Calif.).
Determination of Total Thiol Group Content
The total sulfhydryl content of SL membranes was determined with 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) according to the procedure of Boyne and Ellman." SL membranes (200 jig) were incubated in 20 mM imidazole-HCl buffer (pH 7.4), 1 mM EDTA, 1% sodium dodecyl sulfate, and 2 mM DTNB. After 30 minutes, the absorbance at 412 nm was read. A blank value was determined for each sample by the subsequent addition of 2 mg N-ethylmaleimide (NEM). Calculation of the sulfhydryl group content was based on a molar extinction coefficient at 412 nm of 13,600 per centimeter for the thiophenol anion reaction product. This was verified by using cysteine as a standard.
Modification of Membrane Proteins
To chemically modify the thiol groups of membrane proteins, various thiol reagents were added to the PLD assay medium. To alkylate thiol groups, two reagents that differ in structure and mode of action26 (NEM [5 mM] and methyl methanethiosulfonate [MMTS, 0.1 mM]) were used; p-chloromercuriphenylsulfonic acid (pCMPS, 25 ,M) was added to induce mercaptide formation,13 and DTNB (0.3 mM) was applied to elicit thiol-disulfide exchange.'3 In a parallel series of experiments, dithiothreitol (DTT, 1 mM), the threo isomer of 2,3-dihydroxy-1,4-dithiolbutane and a synthetic reducing agent that protects against thiol group modification,27 was included in the assay to check the specificity of the changes.
To test the involvement and effectiveness of thiol group blockade on PLD activity, membranes were preincubated in the presence of different concentrations of NEM in 50 mM DMGA plus 10 mM EGTA (pH 6.5) for 10 minutes at 30°C. The reaction was terminated by twofold dilution and sedimentation of the membranes (100,OOOg for 20 minutes at 4°C). The membranes were washed once with buffer and, finally, resuspended in assay buffer (2.5 mg protein/ml). Aliquots were taken to determine the total thiol group content and the PLD activity, as described above.
The possible modification of PLD-associated thiol groups by oxidants was examined by using systems containing or generating a typical oxidant species.'8'9
The membranes were preexposed to each system for 20 minutes at 37°C in 50 mM Tris-HCl (pH 7.4) in the presence or absence of its competent scavenger. First, xanthine (2 mM) plus xanthine oxidase (0.03 units/ml) was used to generate the free radical oxygen anion, superoxide ( * 02 ), with superoxide dismutase (260 units/ml) as *02 scavenger. Exposure to xanthine, xanthine oxidase, or superoxide dismutase alone was examined to exclude any direct effects of these chemicals. Second, 1 mM hydrogen peroxide (H202, a nonradical reactive oxygen species) and its scavenger catacarrier, and quantitatively applied to silica gel 60A F-254 thin-layer (0.25-mm) plates. The plates were lase (110 units/ml) were used. Finally, hypochlorous acid (HOCI, 0.3 mM) was applied. HOCI is a potent nonradical oxidant of thiol groups30 for which no specific scavenger is available. DTT (1 mM) was included in some assays to test whether changes were due to thiol group modification. Also, the effects of the most prevalent biological reducing agent, the low molecular weight peptide GSH (5 mM), and its oxidized form, GSSG (5 mM), were examined. The concentrations of the various agents used in these experiments were those indicated elsewhere.'1922,303' Materials L-a-1-Palmitoyl-2-oleoyl-[oleoyl-1-'4C-]PtdCho (58 mCi/mmol) was obtained from DuPont/New England Nuclear Canada, Mississauga. PtdCho and PtdOH, both from egg, were from Serdary Research Laboratories Inc., London, Canada. Cytoscint ES is a product of ICN Biomedicals Canada Ltd., Mississauga. Xanthine, superoxide dismutase (from bovine liver), catalase (from bovine liver), GSH, and GSSG (grade III) were obtained from Sigma Chemical Co., St. Louis, Mo.). Xanthine oxidase (from bovine milk) was from Calbiochem Corp., La Jolla, Calif., and was treated with 0.4 mM phenylmethylsulfonyl fluoride (PMSF) before use to inhibit a trypsinlike activity, which is a contaminant in the commercial product.22 PMSF itself did not exert any effect on the PLD activity in this study. All other chemicals were of analytical grade.
Statistical Analysis
The differences between mean values of two groups were evaluated for significance by Student's t test. A probability of 95% or more was considered significant.
Estimation of the IC50 was obtained using the computer program ALLFIT, version 2.7.32
Results
Effects of Thiol Group Modification on Sarcolemmal PLD Activity
Chemical modification of the thiol groups was used as an approach to study the importance of these groups for the function of SL PLD activity. As shown in Table 1 , all three types of thiol modification, i.e., alkylation (NEM and MMTS), mercaptide formation (pCMPS), and mixed disulfide formation (DTNB), reduced the enzyme activity. The inhibitory effects were prevented by the inclusion of DTT in the assay. At the concentrations used, the degree of inhibition by the alkylating agents NEM and MMTS differed considerably. As shown in Figure 1 , both reagents were able to elicit full inhibition of PLD. However, PLD was more sensitive to MMTS (IC5o, 35 .0 ,uM) than to NEM (IC50, 2.4 mM). The effectiveness of the thiol group modification on SL PLD activity was tested by determining the total thiol groups in the membranes after pretreatment with different concentrations of NEM, a highly specific thiol-alkylating agent.33 At 0.1, 1, and 10 mM NEM, the number of thiol groups declined to 81.7%, 66.1%, and 40.7% of control values, respectively. This relation was similar to the NEM dependence of PLD ( Figure 1 ). When thiol groups and PLD activity were examined in the same NEM-pretreated membranes and plotted against each other ( Figure 2 ), a close correlation (r=0.981) was noted. 
Effects of Oxidants on SL PLD
Reactive oxygen species and hypochlorous acid can oxidize protein thiol groups. 15, 17, 29, 34 To examine whether SL PLD could be altered by this type of oxidation, the activity of this enzyme was assayed in SL membranes that had been separately preincubated with each of the systems containing or producing a certain oxidant species. * 02produced by xanthine plus xanthine oxidase did not affect SL PLD (Table 2) . It Sulfhydryl groups (mol /105g protein) FIGURE 2. Graph showing relation between the total thiol group content of sarcolemmal membranes and phospholipase D activity. PtdOH, phosphatidic acid. Results are mean +SEM of triplicate determinations in a typical experiment. The sarcolemmal membranes were preincubated in 50 mM 3, -dimethylglutaric acid plus 10 mM EDTA (pH 6.5) for 10 minutes at 300C in the presence of different concentrations of N-ethylmaleimide (0, 0.1, 0.5, 1, 5, and 10 mM). The reaction was terminated by twofold dilution with ,,(3-dimethylglutaric acid-EDTA buffer, and samples were centrifuged at 100,000g The pellet was washed once with 2 ml buffer. The final membrane suspension (2.5 mg/ml) was used for assaying the number of total thiol groups and phospholipase D activity as described in "Materials and Methods." The linear correlation coefficient (r=0.981) was calculated by the least-squares method. decrease in phosphoinositide kinase activities (authors' unpublished data). H202 (1 mM) induced 26% depression in PLD activity. This was prevented completely by catalase (110 units/ml), which had no effect on the enzyme by itself ( Table 2 ). PLD was inhibited by H202 in a concentration-dependent manner (0.1-10 mM) and was protected by catalase over the entire range ( Figure  3 ). In our experimental conditions, the inhibition of the enzyme could be ascribed to H202 only. Mannitol (20 mM), a scavenger for hydroxyl radicals ( OH)19 that might have been formed because of trace amounts of Fe2+ present as a contaminant,29 showed no protective effect on the H202-induced PLD changes ( Table 2) . Fe2+ alone had a concentration-dependent inhibitory effect on PLD activity (data not shown). Therefore, a more direct test for the effect of OH on SL PLD by using H202 with Fe2+ according to the Fenton reaction29 could not be carried out.
The effects of HOCI, which easily oxidizes thiol groups and is produced in neutrophils by the enzyme myeloperoxidase,28 were also studied. HOCI (0.3 mM) deactivated SL PLD activity (Table 2) , and an equimolar concentration of DTT prevented its inhibitory action. This indicates that oxidation of protein thiol groups associated with PLD is responsible for the HOCI effect.
Effects of Thiol-Reducing Reagents on the H202-Induced Depression of SL PLD
Since DTT is capable of maintaining protein thiol groups in a reduced state because of its low redox potential,27 its protective action on the H202-induced depression of SL PLD was examined in detail. DTT, Sarcolemmal membranes (0.2 mg/ml) were preincubated for 20 minutes at 37°C in 50 mM Tris-HCl (pH 7.4). Final concentrations of the chemicals were as follows: X, 2 mM; XO, 0.03 unit/ml; SOD, 260 units/ml; H202, 1 mM; CAT, 110 units/ml; MTOL, 20 mM; HOCl, 0.3 mM; DTT, 1 mM (system 2) and 0.3 mM (system 3). After exposure to superoxide anion (system 1), H202 (system 2), or HOCl (system 3), membranes were ice-cooled and sedimented at 100,000g in a rotor for 30 minutes. The pellets were resuspended in 50 mM ,f,,8-dimethylglutaric acid plus 10 mM EDTA (pH 6.5) at a protein concentration of 1.5 mg/ml and assayed immediately for phospholipase D activity as described in "Materials and Methods." *p<0.05 vs. the control value. even at 1/10 the concentration of H202, prevented a significant inhibition of the enzyme, whereas at lower concentrations it showed a partial or no protective effect (Figure 4 ). DTT itself (10--io-3 M) did not modify the PLD activity, indicating the integrity of the enzymeassociated thiol groups in the SL preparations used for this study. Furthermore, it was examined whether DTT had merely a preventive effect or whether it was also able to restore the H202-depressed PLD activity. Therefore, SL membranes were pretreated with 1 mM H202 alone, washed, and subsequently assayed for PLD in the presence or absence of 1 mM DTT. This concentration of DTT, which provided complete protection against 1 mM H202 (Figure 4 ), gave only a partial reversal of the H202-induced depression of PLD ( Figure 5 ). A possible explanation of this finding is that some thiol residues that were accessible to, and thus modified by, H202 PLD activity and to confer physiological significance to our findings, we investigated the role of glutathione, the most abundant cellular thiol that serves as a biological antioxidant and maintains protein thiol groups in a reduced state. 15 In untreated SL, PLD was unaffected by the presence of GSH in the assay medium (Table 3) , confirming the integrity of PLD-associated thiols in the SL membrane preparations. However, the enzyme ac- tivity was significantly decreased by the oxidized form of glutathione, GSSG. When SL membranes were preincubated with H202, the simultaneous presence of GSH precluded the H202-induced decrease in PLD activity (Table 3 ).
Discussion
In an earlier report, we have provided the first biochemical evidence for the presence of PLD in different membrane systems of the cardiac cell, with a major localization at the SL level.2 The enzyme showed a stringent specificity for catalyzing the hydrolysis of PtdCho to form PtdOH with the concomitant release of For the glutathione experiments, phospholipase D was assayed in the absence or presence of 5 mM GSH or 5 mM GSSG. For the H202 experiments, sarcolemmal vesicles were preincubated in the presence of 1 mM H202 with or without 5 mM GSH. For preincubation, centrifugation, and resuspension procedures, see the legend to Table 2 . The phospholipase D assay was performed as described in "Materials and Methods." *p<0.05 vs. the corresponding control value. the nonphosphorylated base, choline, into the aqueous compartment. The potential importance of this enzyme for the heart is indicated by in vitro experiments with exogenous PLD and PtdOH.7-1 These studies suggest that PLD hydrolytic activity and subsequent formation of PtdOH may be related to Ca2+ movements within the cardiomyocyte and may influence the heart function in normal conditions as well in disease states characterized by abnormal Ca2' homeostasis.' PtdOH is rapidly formed under agonist stimulation of the heart3 and was shown to enhance phosphoinositide hydrolysis35 and the phosphorylation of cardiac proteins.36 SL PLD seems to be associated with a PtdOH phosphohydrolase for the coordinate production of a DAG pool originating from PtdCho.2 Such a DAG pool may differ in terms of fatty acid composition from the one derived from polyphos-phoinositides6 and may activate different protein kinase C isoforms, thus inducing protein kinase C-dependent phosphorylation of specific target proteins37 and different physiological responses. Therefore, SL PLD may be seen to generate important lipid molecules for signal transduction.1 Our present results show that functionally critical thiol groups are associated with SL PLD and that changes of their redox state by biological oxidants can impair the enzyme activity.
Thiol groups appear to be essential for SL PLD activity, because various sulfhydryl-modifying reactions (alkylation, mercaptide formation, and mixed disulfide formation) inhibited the enzyme, and DTT, which maintains thiols in the reduced state,27 had a protective effect in all cases. In particular, treatment of SL membranes with increasing concentrations of NEM, a ilighly specific alkylating reagent,33 resulted in a PLD depression that correlated well with the decrease in thiol group content. The relevance of protein thiols for PLD activity is further supported by the finding of an inhibitory effect by MMTS. This chemical modifier acts via the introduction of methanethio groups to the protein thiol groups and leads to the formation of mixed disulfides on the proteins.27 The steric effects, which are expected to be dissimilar for NEM and MMTS, may be the reason for the observed difference in their inhibitory potency. Inactivation of the enzyme also occurred when pCMPS and DTNB were used for thiol chemical modification as well as when GSSG, which inactivates cardiac proteins by reacting with cysteine residues to form glutathioneprotein-mixed disulfides,30 was present. This confirms the importance of membrane thiol groups for PLD function. However, whether these essential residues are part of the enzyme molecule itself or of a regulatory component and, in the former case, their location in the spatial structure of the enzyme, i.e., within the catalytic domain or elsewhere, remain to be determined. In this regard, the activity of the solubilized and partially purified enzyme of rat brain microsomal membranes was completely abolished by p-chloromercuribenzoate, a commonly used thiol reagent.38 In addition, four cysteine residues have been found in the PLD amino acid sequence from a bacterial clone cDNA. 39 Since a certain homology among PLD of various cell types seems likely, the enzyme molecule is the presumable location of reactive thiols in cardiomyocytes. At any rate, the intense inhibition exerted in our experiments by pCMPS, which has a modest lipid solubility,40 sug-gests that the critical thiol groups are not located deep inside the membrane.
When cardiac subcellular membranes were exposed to various oxidant species, it became apparent that the nonradicals H202 and HOCI depressed SL PLD, while the effect of * OH could not be assessed. The exact causes for the lack of responsiveness to 02under our experimental conditions are not known. However, a different sensitivity of an enzyme system to *02and H202 has previously been observed.22 Studies in isolated cardiomyocytes41-44 and intact heart tissue20,30,45 showed that increased cytosolic Ca21 levels and abnormal Ca21 transients occur on oxidative stress. Indeed, changes in Ca2+-related transport systems as a consequence of exogenously added reactive oxygen species have been reported. In cardiac SL, the number of voltage-dependent Ca21 channels18 and the Ca21 pump19,20 and Na+-Ca2' exchange activities20,21 were decreased by . OH, * 02, and H202. The last two species also inhibited the SL Na+ pump, Na+-H+ exchanger, and Na+-Pi cotrans- The functional relevance of the above findings is illustrated by the increased force of contraction of the heart after PLD treatment.10"11 On the basis of these reports, it can be speculated that deactivation of PLD by H202 and HOCl aggravates the depressant effects that these oxidants directly exert on Ca2+ transporter mole-cules18-23 and, therefore, further impairs Ca2+ homeostasis and cardiac performance. The mechanism(s) through which H202 and HOCl depressed SL PLD activity may be twofold. Peroxidation of membrane lipids in the microenvironment of the enzyme could be one mechanism. However, . OH formation from H202 did not likely occur in our experimental conditions because the * OH scavenger, D-mannitol, failed to modify the H202-induced inhibition of PLD. The other possible mechanism is the oxidation of functional thiol groups associated with the enzyme protein. 15"17,29,34 Indeed, protection by DTT against oxidant-induced damage to the heart was shown to be related to the preservation of tissue thiol groups.30 '43'44 In the present study, the protective effect of DTT on both thiol modifier-and oxidant-induced depression of PLD activity suggests that alteration of key thiol groups is the common mechanism of damage. It could be argued that the preventive action of DTT may not be related to thiol group protection but that it may have resulted from a direct redox reaction of DTT with the thiol modifiers or with the oxidants. However, incubation of SL with DTT after H202 pretreatment resulted in a partial but significant PLD reactivation, indicating that some of the enzyme-associated thiol groups had been reconverted to the reduced state. Furthermore, prevention of the H202 damage by GSH in the absence of glutathione peroxidase seems to exclude a direct detoxifying reaction between GSH and H202 and implies thiol protection as GSH's mechanism of action.15 Therefore, we conclude that oxidants, in particular H202, which was studied in detail, depressed the SL PLD activity through oxidation of the enzyme-associated thiol groups. GSH's protective and GSSG's inhibitory effects also suggest that an adequate level of the glutathione redox status may play a major role in the physiological regulation of PLD through reversible conversion of the enzyme-associated thiols to disulfides.
The results of this study may have some implications for pathophysiological conditions of oxidative stress characterized by the formation of H202 and HOCI and by alteration of the glutathione redox state, as is the case for clinical settings in which the heart is exposed to transient ischemia followed by coronary reflow (e.g., evolving myocardial infarction, vasospastic angina, coronary angioplasty, or cardiopulmonary bypass). Recent studies showed mitochondria-dependent production of H202 during ischemia46 and reperfusion. 47 In the isolated perfused heart, an ischemic period induced a decline in the GSH over GSSG ratio,17 whereas postischemic reperfusion led to the production of H202 4 and other oxygen metabolites49 and further decreased [GSH]/[GSSG].17 In vivo, blood-borne cells that infiltrate the ischemic and reperfused myocardium should also be taken into consideration as sources of oxidants causing stress to the cardiomyocytes.17 Polymorphonuclear neutrophils, in particular, have been shown to produce not only *02-and H202 but also to use these reactive species for HOCI synthesis in myeloperoxidasecatalyzed reactions.28 Hence, in addition to intracellular reactive oxygen species, H202 and HOCI generated by neutrophils seem to contribute to the tissue injury during reperfusion.173050 Since the oxidants' concentrations that significantly impaired PLD activity in this study are compatible with those occurring in vivo during ischemia/reperfusion,30 47'51 oxidative damage to SL PLD is likely to take place in ischemic/reperfused hearts. This may destabilize the membrane lipid bilayer independent of peroxidative reactions and may contribute to compromising the Ca2' homeostasis and signal transduction processes of the cardiomyocyte.
